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Reconciliation of apparently contradictory experimental results obtained on the quinol: fumarate reductase (QFR), a dihaem-containing respiratory
membrane protein complex fromWolinella succinogenes, was previously obtained by the proposal of the so-called E-pathway hypothesis. According to
this hypothesis, transmembrane electron transfer via the haem groups is strictly coupled to co-transfer of protons via a transiently established, novel
pathway, proposed to contain the side chain of residue Glu-C180 and the distal haem ring-C propionate as the most prominent components. This
hypothesis has recently been supported by both theoretical and experimental results. Multiconformation continuum electrostatics calculations predict
Glu-C180 to undergo a combination of proton uptake and conformational change upon haem reduction. Strong experimental support for the proposed
role of Glu-C180 in the context of the “E-pathway hypothesis” is provided by the effects of replacing Glu-C180 with Gln or Ile by site-directed
mutagenesis, the consequences of these mutations for the viability of the resulting mutants, together with the structural and functional characterisation of
the corresponding variant enzymes, and the comparison of redox-induced Fourier-transform infrared (FTIR) difference spectra for thewild type andGlu-
C180→Gln variant. A possible haem propionate involvement has recently been supported by combining 13C-haem propionate labelling with redox-
induced FTIR difference spectroscopy.
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According to Peter Mitchell's chemiosmotic theory [1], the
energy released upon the oxidation of electron donor substrates in
both aerobic and anaerobic respiration is transiently stored in the
form of an electrochemical proton potential (Δp) across theAbbreviations: bD, distal haem; bH, high-potential haem; bL, low-potential
haem; bP, proximal haem; DMNH2, 2,3-dimethyl-1,4-naphthoquinol; Δp,
electrochemical proton potential; FTIR, Fourier transform infrared; QFR,
quinol:fumarate reductase; SQR, succinate:quinone reductase
⁎ Corresponding author. Max Planck Institute of Biophysics, Department of
Molecular Membrane Biology, P.O. Box 55 03 53, D-60402 Frankfurt am Main,
Germany. Tel.: +49 69 6303 1013; fax: +49 69 6303 1002.
E-mail address: Roy.Lancaster@mpibp-frankfurt.mpg.de
(C.R.D. Lancaster).
URL: http://www.mpibp-frankfurt.mpg.de/lancaster/index.html
(C.R.D. Lancaster).
0005-2728/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2006.05.012energy-transducing membranes, which can then be used by the
ATP synthase for ADP phosphorylation with inorganic phos-
phate. Fundamentally, there are two mechanisms by which integ-
ral membrane proteins can act as catalysts in this coupling of
electron transfer reactions to the generation of a transmembrane
Δp—the redox loopmechanism and the proton pumpmechanism
[2]. The redox loop mechanism essentially involves trans-
membrane electron transfer. Reduction reactions on one side of
the energy-transducing membrane are associated with proton
binding whereas oxidation reactions on the opposite side of the
membrane are associated with proton release. In a simple form,
this mechanism is represented by the formate dehydrogenase [3]
and membrane-bound nitrate reductase [4] enzymes of anaerobic
respiration and in a more complicated form by the Q-cycle of the
cytochrome bc1 complex, complex III of the aerobic respiratory
chain [5]. The proton pump mechanism involves the actual
translocation of protons across the membrane. Transfer of
Fig. 1. Electron and proton transfer in fumarate respiration (a) and W. succinogenes QFR (b, c). Positive and negative sides of the membrane are the periplasm and the
cytoplasm, respectively. This figure was modified from Ref. [7]. This figure and Fig. 2 were prepared with a version of Molscript [29] modified for colour ramping [30]
capabilities. (a) The key enzymes involved in fumarate respiration are indicated. (b) Hypothetical transmembrane electrochemical potential generation as suggested by the
essential role of Glu C66 for menaquinol oxidation byW. succinogenes QFR [19]. The prosthetic groups of theW. succinogenes QFR dimer are displayed (coordinate set
1QLA; [17]). Also indicated are the side chain of Glu C66 and a tentativemodel of menaquinol (MKH2) binding, based on the coordinates of QFR-bound DMN (PDB entry
2BS4 [7]). The position of bound fumarate (Fum) is taken fromPDB entry 1QLB [17]. (c) Hypothetical co-transfer of oneH+ per electron across themembrane (“E-pathway
hypothesis”). The two protons that are liberated upon oxidation of menaquinol (MKH2) are released to the periplasm (bottom) via the residue Glu C66. In compensation,
coupled to electron transfer via the two haem groups, protons are transferred from the periplasm via the ring C propionate of the distal haem bD and the residue Glu C180 to
the cytoplasm (top), where they replace those protons which are bound during fumarate reduction. In the oxidised state of the enzyme, the “E-pathway” is blocked.
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Fig. 2. Side chain orientation of the Glu C180 conformers as calculated by
multiconformation continuum electrostatics [13]. “Intermediate” (in green, pre-
dominantly protonated) and “distal” (in red, predominantly deprotonated)
conformers of Glu C180 relative to the haem groups and to two crystallographic
water molecules. The figure also explains the terminology “intermediate” and
“distal”, since the “intermediate” conformation displays no preference in orientation
with respect to the two haems,whereas the “distal” conformation is oriented towards
the distal haem group. In the case of the alternate conformers, green colour indicates
an increase of occupancy upon reduction of haem bD; red indicates a decrease. For
each of the waters, the two conformers, which undergo the strongest respective
increase and decrease in occupancy are shown (modified from Ref. [13]).
990 C.R.D. Lancaster et al. / Biochimica et Biophysica Acta 1757 (2006) 988–995electrons between sites of catalysis and prosthetic groups of
themembrane protein complex results in conformational changes,
which in turn leads to changes in the pKa values of amino acid side
chains and other protonatable groups. Additionally or alterna-
tively, the degree of exposure of these groups to one or the other
side of the membrane may also change. Such a mechanism is
thought to be operative, e.g., in cytochrome c oxidase, complex
IV of the respiratory chain [6]. Experimental results have been
presented [7–9], supporting the view that both of these mech-
anisms are harnessed together in a specific case of a single res-
piratory membrane protein complex, so as to ensure the
counterbalancing of the effects of both processes for energetic
reasons. The membrane protein in question is the dihaem-
containing quinol:fumarate reductase (QFR) from the anaerobic
ε-proteobacterium Wolinella succinogenes. QFR is the terminal
enzyme of fumarate respiration [10,11], a form of anaerobic
respirationwhich allows anaerobic bacteria to use fumarate instead
of dioxygen as the terminal electron acceptor. QFR couples the
two-electron reduction of fumarate to succinate (reaction a) to the
two-electron oxidation of hydroquinone (quinol) to quinone
(reaction b):
fumarateþ 2 Hþ þ 2 e− →← succinate ðaÞ
quinol →← quinone þ 2 Hþ þ 2 e− ð bÞ 
This reaction is part of an electron transfer chain that enables
the bacterium to growwith various electron donor substrates such
as formate or hydrogen (Fig. 1a). QFR from W. succinogenes
consists of two hydrophilic subunits (A and B) and one hy-
drophobic, membrane-embedded subunit C. The larger hydro-
philic subunit A is associated with a covalently bound flavin
adenine dinucleotide (FAD), the smaller hydrophilic subunit B
contains three iron–sulfur clusters ([2Fe–2S], [4Fe–4S], and
[3Fe–4S]), and the hydrophobic subunit C harbours two haem b
groups (Fig. 1b). Based on their relative distance to the hydro-
philic subunits, these haem groups are referred to as the “prox-
imal” haem bP and the “distal” haem bD, respectively. Although it
has long been known [12] that the two haemgroups have different
oxidation–reductionmidpoint potentials, it has only recently been
possible to assign the “high-potential“ haem to bP and the “low-
potential“ haem to bD [13].
Although electrophysiological experiments performed with
inverted vesicles and proteoliposomes containing QFR demon-
strated that the reaction catalysed by the dihaem-containing QFR
from Wolinella succinogenes is not directly associated with the
generation of a transmembrane electrochemical proton potential
[14–16], the three-dimensional structure of this membrane
protein complex, initially solved at 2.2 Å resolution [17], revealed
locations of the active sites of fumarate reduction [18] and of
menaquinol oxidation [19] that are oriented towards opposite
sides of the membrane (Fig. 1b). Since the binding of two protons
upon fumarate reduction invariably occurs from the cytoplasm
and the release of two protons associated with menaquinol
oxidation invariably occurs to the periplasm, this arrangement of
catalytic sites indicated that menaquinol oxidation by fumarate, as
catalysed byW. succinogenesQFR, should be associated directlywith the establishment of an electrochemical proton potential
across the membrane, in contrast to the results of the functional
measurements.
To reconcile these apparently conflicting experimental obser-
vations, the so-called E-pathway hypothesis [20] has been
proposed (Fig. 1c). According to this hypothesis, the transfer of
two electrons via the twoQFR haem groups is strictly coupled to a
compensatory, parallel transfer of two protons across the
membrane via a proton transfer pathway which is transiently
open during the reduction of the two haems and closed in the
oxidised state of the enzyme. The twomost prominent constituents
of the proposed pathway were suggested to be the ring C pro-
pionate of the distal haem bD and, in particular, the amino acid
residue Glu C180, after which the “E-pathway” was named.
Removal of 2 H+ from the periplasm balances those released upon
menaquinol oxidation, whereas supply of 2 H+ to the cytoplasm
compensates for those bound upon fumarate reduction. This
unprecedented transmembrane proton transfer, as predicted by the
“E-pathway hypothesis”, therefore can explain why W. succino-
genes QFR operates electroneutrally in spite of the orientation of
the catalytic sites to opposite sides of themembrane. Since the first
Table 1
Growth and enzymatic activities of W. succinogenes FrdC-E180Q and
FrdC-E180I cells and properties of the isolated QFR enzymes
Strain
wild
type
Strain
FrdC-
E66Q
Strain
FrdC-
E180I
Strain
FrdC-
E180Q
Growth with
formate + fumarate + − − −
formate + nitrate + + + +
Specific activity of
membrane-bound enzyme
(U mg−1 cell protein)
succinate→methylene blue 0.31 0.17 0.31 0.35
DMNH2→ fumarate 0.24 ≤0.01 ≤0.01 ≤0.01
Specific activity of isolated
enzyme (U mg−1 protein)
succinate→methylene blue 28.8 16.9 26.0 24.9
DMNH2→ fumarate 7.4 ≤0.01 0.96 0.80
KM (DMNH2) [mM] 0.1 0.1 0.1
Haem b of isolated
enzyme reduced by
… (μmol g−1 protein)
… DMNH2 3.8 0.5 6.5 7.4
… dithionite 7.2 7.0 11.8 14.2
Haem oxidation–reduction
midpoint potentials EM7 [mV]
Haem bP −10 −16 +38 +39
Haem bD −149 −145 −151 −144
Solvent isotope effect
[k(1H2O)obs/k(
2H2O)obs]
… on DMNH2→ fumarate 3.3 1.1
Values for wild type and FrdC-E66Q [19] are shown for comparison (in italics).
One unit (U) corresponds to 1 μmol of substrate turned over per minute.
Adapted from Ref. [7].
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experimental results [7–9] have been obtained that support it.
2. Theoretical results
Regarding the theoretical results, we have performed [13]
multi-conformation continuum electrostatic calculations [21,22]
using the coordinates from the X-ray crystal structure. This
method allows the simulation of pH titrations and/or redox
titrations as a function of the ambient pH or redox potential,
respectively, and the calculation of the respective pKa values and
redoxmidpoint potentials of the titrating groups in the structure. A
key result of the calculations is that in the oxidised state of the
enzyme, the side chain of Glu C180 is calculated to occupy
approximately equally two different conformations, one predom-
inantly protonated in a so-called intermediate orientation, and a
second, predominantly deprotonated conformer in a so-called
distal conformation (Fig. 2). Upon reduction of the haem groups,
this distribution is calculated to change: The Glu C180 side chain
is now found only in the protonated, “intermediate” conformation.
In other words, the electrostatic calculations predict Glu C180 to
undergo a combination of proton uptake and conformational
change upon reduction of the enzyme, a prediction which is fully
consistent with the “E-pathway” hypothesis.
3. Experimental results on the role of Glu C180
The support from the results of multiconformation continuum
electrostatic calculations [13] prompted the experimental inves-
tigation of the possible role of Glu C180 for W. succinogenes
QFR. The effects of replacing Glu C180with→Gln or Ile by site-
directed mutagenesis have been described, as have the con-
sequences of these mutations for the viability of the resulting
mutants and the structural and functional characteristics of the
corresponding variant enzymes [7].
3.1. Construction and properties of the strains W. succinogenes
FrdC-E180Q and FrdC-E180I and the isolated Glu
C180→Gln and Glu C180→ Ile QFR variant enzymes
The mutant strains FrdC-E180Q and FrdC-E180I are
compared in Table 1 to the wild type and the previously cha-
racterised strain FrdC-E66Q, where the essential residue Glu C66
(Fig. 1c) at the menaquinol oxidation site was replaced with a Gln
[19]. The mutants did not grow with fumarate as the terminal
electron acceptor, however they did grow when nitrate replaced
fumarate. As assayedwith succinate oxidation bymethylene blue,
activities of the mutant cell homogenate and the isolated enzyme
were comparable to those of the wild type. The activitymonitored
by this assay is independent of the dihaem subunit C [23]. How-
ever, when fumarate reductase activities were assayed by moni-
toring fumarate reduction by 2,3-dimethyl-1,4-naphthoquinol
(DMNH2), which is dihaem-subunit C-dependent [23], it was not
detectable in the case of the membrane-bound variant enzymes.
Upon solubilisation of the membranes, however, the activities of
fumarate reduction by DMNH2 for the Glu C180 variants were
detectable and corresponded to approximately one tenth of that ofthe wild-type enzyme. In this respect, the Glu C180 QFR variants
differ significantly from the Glu C66→Gln variant [19]. The
detergent-solubilised Glu C180 variants are similar to the wild-
type enzyme considering the fraction (one half) of the dithionite-
reducible haem b that could be reduced by DMNH2 and also with
respect to the unchanged Michaelis constant KM for DMNH2 of
0.1 mM (see Table 1).
3.2. Structure determination
In order to investigate the nature of these intriguing effects, the
Glu C180→ Ile QFR and Glu C180→Gln QFR variants were
crystallised and X-ray diffraction data were collected [7]. In
summary, the crystal structure determinations of Glu C180→ Ile
and Glu C180→Gln variant QFR at 2.76 and 2.19 Å resolution,
respectively, rule out that any major structural changes relative to
the wild-type QFR could explain the observed functional effects
in Glu C180→Gln and Glu C180→ Ile variant enzymes [7].
3.3. Redox titration
A role of Glu C180 in the proposed coupling of transmem-
brane proton transfer to transmembrane electron transfer via the
haem groups should be reflected in a change of the oxidation–
reduction midpoint potential of at least one of the two haem
groups upon replacement of Glu C180 with either Gln or Ile.
Fig. 4. FTIR double difference spectra (from 1765 cm−1 to 1715 cm−1) of QFR.
Oxidised-minus-reduced (solid line) and reduced-minus-oxidised (dashed line)
FTIR double difference spectra of wild-type minus Glu C180→Gln QFR at
pH 7. Reference electrode potentials for the shown FTIR double difference
spectra were as described for Fig. 3 (Modified from Ref. [8]).
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spectra at the wavelengths of 428 nm (Soret band) and 561 nm (α-
band) for both variants and the comparison to the previously
determined data for the wild-type enzyme (see Table 1) indicated
that this was indeed the case, as the midpoint potential for the
high-potential, proximal haem was increased by almost 50 mV in
both variants [7]. If both Gln and Ile are considered to mimic the
protonated, neutral glutamic acid side chain rather than the
deprotonated, anionic glutamate side chain, then these results
indicate that a Glu C180 side chain in the wild-type enzyme that
were fully protonated for all combinations of haem redox states
would make it harder to reoxidise a reduced haem bP by 50 mV.
Conversely, we conclude that, in the wild-type enzyme, the
reoxidation of the reduced proximal haem is facilitated by proton
release from the (protonated) Glu C180 side chain [7]. This
feature is fully consistent with the “E-pathway hypothesis”.
3.4. Solvent isotope effects
A key role of residue Glu C180 is also indicated by the com-
parison of the solvent isotope effects on the specific activities of
DMNH2 oxidation by fumarate as catalysed by the wild-type
enzyme and the E180Q variant (Table 1). While a significant
solvent isotope effect can be measured for the wild-type enzyme,
such an effect is negligible for the E180Q variant, which is a strong
indication for Glu C180 in the wild-type enzyme participating in a
rate-limiting proton-transfer step [7].
3.5. Fourier transform infrared (FTIR) difference spectroscopy
Strong experimental support of the “E-pathway hypothesis” is
obtained from comparing redox-induced FTIR difference spectra
for the wild-type enzyme and the Glu C180→Gln variant [8]. Our
main focus is on the spectral range between 1720 and 1760 cm−1,
which is dominated by the C_O stretching vibrations of pro-
tonated carboxyl groups. The difference spectrum between
reduced and oxidised sample for the wild-type enzyme (Fig. 3)
exhibits a derivative-shaped pair of difference bands with similarFig. 3. Electrochemically-induced FTIR difference spectra (from 1765 cm−1 to
1715 cm−1). Superposition of the reduced-minus-oxidised FTIR difference spectra
of QFRwild type (purple line), Glu C66→Gln (red line), Glu A270→Gln (green
line), and Glu C180→Gln (blue line) at pH 7. Reference electrode potentials for
the FTIR difference spectra shown were +0.21 V (full oxidative potential) and
−0.37 V (full reductive potential). This figure was modified from Ref. [8].width and amplitude at 1738 cm−1/1732 cm−1 in 1H2O. In
2H2O at
pH 7.4, the positive contribution in the reduced state is lost, and the
signal is broadened and shifted to lower wavenumbers [8]. Also,
the peak around 1718 cm−1 in 1H2O is shifted to lower wave-
numbers by approximately 10 cm−1 upon 1H/2H exchange [8].
Compared to wild-type QFR, the difference spectra of the
enzyme variants Glu C66→Gln andGluA270→Gln, where Glu
residues close to the menaquinol oxidation site [19] and fumarate
reduction site [18], respectively, were replaced with a Gln, exhibit
a similar signal patternwith only veryminor differences [8]. In the
case of the Glu C180→Gln variant, however, the difference
spectrum clearly deviates from the other three spectra. The shape
of the difference band is reversed compared to the spectra of wild
type, Glu C66→Gln, andGluA270→GlnQFR,with peaks now
at 1743 cm−1/1735 cm−1. Upon 1H/2H exchange, the band struc-
ture of Glu C180→Gln is also slightly broadened and shifted to
lower wavenumbers [8]. The residual signal at 1743 cm−1 for the
Glu C180→Gln variant indicates that the band pattern in the
wildtype enzyme around 1740 cm−1 has a more complex origin
than only a single protonated side chain, such as Glu C180.
In order to specify the spectral effects of the Glu C180 in the
wild-type enzyme, a double difference spectrum (Fig. 4) was
calculated by subtracting the difference spectrum of the Glu
C180→Gln variant from that of the wild-type enzyme. This
allows the interpretation as a combination of a change in both the
environment and the protonation of Glu C180 occurring upon
reduction of the wild-type enzyme, which are both fully com-
patible with the results from electrostatic calculations and the
“E-pathway hypothesis”.
4. Experimental results on haem propionate involvement
Recently, progress has also been made regarding a possible
haem propionate involvement as a second participant in the “E-
pathway” by combining 13C labelling of the haem propionates
with redox-induced FTIR spectroscopy [9]. To introduce the
13C-label into the protein-bound haem propionate, a mutant of
W. succinogenes was created which is not able to synthesise the
haem precursor δ-aminolevulinate [9]. In W. succinogenes, the
formation of δ-aminolevulinate is catalysed by the glutamate-1-
semialdehyde-2,1-amino-mutase, encoded by the hemL gene.
After disruption of the hemL gene, we provided the mutant cells
Fig. 5. FTIR double-difference spectra of “unlabelled-minus-13C-labelled” QFR
at pH 7. The upper trace shows the data for the potential step “oxidised-minus-
intermediate”, whereas the lower shows the data for “intermediate-minus-
reduced”. Reference electrode potentials for the FTIR difference spectra shown
were +0.21 V (full oxidative potential), −0.08 V (intermediate potential), and
−0.37 V (full reductive potential). The positions of the relevant double-
difference bands are indicated in the figure. The crossed areas correspond to
regions of elevated noise level (in the amide I region between 1700 cm−1 and
1600 cm−1 due to the strong H2O and amide I absorbance, and below 1200 cm
−1
due to the absorbance of KPi-buffer modes) (Modified from Ref. [9]).
Fig. 6. The coupling of electron and proton flow in succinate:quinone
oxidoreductases in anaerobic (a, b) and aerobic respiration (c, d), respectively.
Positive and negative sides of the membrane are described for Fig. 1. This figure
was modified from Ref. [7]. (a) and (b) Electroneutral reactions as catalysed by
dihaem-containing QFR fromW. succinogenes (a) and the haem-less QFR from E.
coli (b). (c) Utilisation of a transmembrane electrochemical potential as possibly
catalysed by dihaem-containing SQR enzymes. (d) Electroneutral reaction as
catalysed by mono-haem-containing SQR enzymes (mitochondrial complex II).
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which led to the haem becoming 13C-labelled at the carboxy
carbon positions [9].
In order to assign features in the difference spectra to the redox
transitions of the high- and low-potential haems, respectively, we
collected data not only at high ambient potential, where both
haemswere oxidised and at lowpotential when bothwere reduced,
but also at an intermediate potential, where the low-potential haem
was oxidised and the high-potential haem was reduced.
In the double-difference spectra (Fig. 5), subtracting the res-
pective redox-induced difference spectrum of the labelled sample
from that of the unlabelled sample, the upper spectra correspond to
the redox transition of the high-potential haem and the lower
spectra corresponds to the redox transition of the low-potential
haem. Significant difference signals in the less noisy regions of the
spectrum are caused exclusively by the redox-transition of the
low-potential haem propionates and reflect protonation and/or
environmental changes of (at least) one of the two low-potential
haem propionates.
Since we know from our electrostatic calculations [13] that the
low-potential haem corresponds to the distal haem in the structure,
and from both the calculations and the structure, that the ring D
propionate of the low-potential haem is involved in an extensive
salt-bridge interaction with a nearby Arg residue (Fig. 1c), the
remaining candidate for explanation of the observed effects is the
ring C propionate, which again is fully consistent with the “E-
pathway hypothesis”.
5. Conclusions
Taken together, the results indicate an important, but indirect
role of Glu C180 for events linked to the quinol oxidation process.
This role becomes essential when the enzyme ismembrane-bound[7]. Together with the results from electrostatic calculations [13]
and FTIR difference spectroscopy [8], these results provide strong
support for the “E-pathway hypothesis” and for an essential role
of Glu C180 within the context of this hypothesis. Although the
“E-pathway hypothesis” is currently the only working model that
adequately explains all experimental and theoretical data obtained
so far, its ultimate proof will require the unequivocal identification
of further constituents of this pathway. Such a role of the ring C
propionate of haem bD is supported by the described combination
of haem propionate 13C labelling and FTIR difference spectros-
copy [9]. In addition, the crystal structure provides suggestions of
other polar and titratable amino acid side chains as candidate
constituents of such a proton transfer pathway. However, based on
the theoretical calculations [13], it is very likely that Glu C180
will turn out to be the central “switch” in the coupling of trans-
membrane electron and proton transfer.
One may ask why W. succinogenes possesses such an ap-
parently complicated enzyme to perform a task electroneutrally
(Fig. 6a) that, e.g., E. coli performs with a much simpler enzyme
[7]. In E. coli QFR, the membrane anchor contains no haem b
groups and the menaquinol oxidation is oriented towards the
cytoplasmic, “proximal” side of the membrane [24], allowing the
protons released by the menaquinol oxidation reaction to directly
balance those consumed upon fumarate reduction (Fig. 6b). It
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QFR originally lacked the “E-pathway” andwas used as a dihaem-
containing succinate:menaquinone reductase (SQR), catalysing
the reaction in the opposite direction, in an aerobically living
predecessor of W. succinogenes. As illustrated in Fig. 6c, this
enzyme utilised the transmembrane Δp to drive the succinate
oxidation bymenaquinone, an endergonic reaction under standard
conditions, in a manner similar to that proposed for the SQR of
Gram-positive bacteria, e.g., Bacillus subtilis [25,26] and very
different from that of mitochondrial complex II or the SQR from
E. coli [27], which reduces ubiquinone (Fig. 6d). Upon
W. succinogenes adopting an anaerobic metabolism in the bovine
rumen, the dihaem-containing SQOR could only operate as aQFR
if, for energetic reasons, the overall electroneutrality of the
catalysed reaction is preserved. It has been concluded [7] that the
establishment of an “E-pathway” as a transmembrane proton
transfer pathway has been evolutionarily preferred over a re-
location of themenaquinol oxidation site from its “distal” position
in W. succinogenes QFR to a “proximal” position similar to that
found in E. coli QFR. The standard redox midpoint potential at
pH 7, EM7, of the menaquinone/menaquinol couple is ∼100 mV
lower than that of the fumarate/succinate couple [28], making the
oxidation of menaquinol by fumarate an exergonic reaction
under standard conditions (ΔG0′≈−20 kJ/mol), but not exergonic
enough to support the generation of a transmembrane proton
potential against a Δp of 170 mV [15] (ΔG0′≈+33 kJ/mol),
resulting in aΔG0′≈+13 kJ/mol for the overall reaction of proton
release to the periplasm, proton binding from the cytoplasm, and
menaquinol oxidation by fumarate. The “E-pathway” [20]
abolishes the requirement to generate a Δp in this terminal step
of fumarate respiration. Thus, transmembrane proton transfer via
the “E-pathway” facilitates the overall reaction, making it exer-
gonic with a ΔG0′≈−20 kJ/mol. This is elegantly illustrated by
the inability of the FrdC-E180Q mutant to grow with fumarate as
the terminal electron acceptor (Table 1), a fact that also demon-
strates how vital the inferred pathway is for the viability of the
microorganism. This also underscores the essentiality of a func-
tional QFR for fumarate respiration in spite of menaquinol oxida-
tion by fumarate not being directly associated with the storage of
energy. Clearly, the function of the QFR is to provide (reoxidised)
menaquinone to, e.g., the hydrogenase or formate dehydrogenase
enzymes (Fig. 1a), so that the energy-transducing steps can
proceed.
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